We have investigated the coordination modes of NNS Schiff base, thioether ligands to manganese(I) carbonyls. The ligands contain ortho substituted pyridines (H, CH 3 
Introduction
The coordination chemistry of manganese(I) carbonyls has been explored because of their utility as catalysts (both homogeneous 1 and heterogeneous 2 ), in the detection and delivery of carbon monoxide, 3 as well as studies in fundamental coordination chemistry. Coordination complexes of manganese carbonyls have found use in carbon-carbon bond forming reactions, 4 as well as the study of redox-active ligands. 5 Organometallic species of manganese carbonyls have also been explored in catalytic hydrosilylations 6 and alcoholysis of silanes. 7 More recently, manganese carbonyls derived from bpy (2,2'-bipyridine) have been used in place of rhenium carbonyls in the electrocatalytic reduction of CO 2 to CO, 8 a promising direction for energyrelated catalysis by earth abundant metals.
9
In our research, we are interested in the fundamental coordination chemistry of multi-dentate ligands bearing nitrogen and sulfur donors to mononuclear metal carbonyls of the late first row.
The low-spin, d 6 configuration of Mn(I) carbonyls makes them amenable to isolation and solution studies. The carbonyls of Mn(I) are isoelectronic with their Fe(II) counterparts, and therefore exhibit some similar structural and donor preferences. However mononuclear Fe(II) carbonyls derived from coordinating ligands with nitrogen and sulfur donors − and that are free from stabilizing phosphines − are less represented in literature. Such iron complexes (especially mononuclear species) can be challenging to isolate, requiring low temperatures and dark conditions. [10] [11] [12] [13] [14] [15] In contrast, the Mn(I) carbonyls are thermally stable under ambient conditions in non-coordinating solvents, and exhibit a reduced sensitivity to light. Therefore, as an entry point to iron chemistry, we wished to explore the coordination of a tridentate NNS ligand frame with manganese carbonyls.
Inspection of crystallographically characterized thioether Mn(I) carbonyls reveals several interesting trends. Cationic complexes of Mn(I) carbonyls with fully bound thioether-S ligation
have been previously reported, [16] [17] 21 Indeed, the authors of this report noted this was the first report of a thioether-stabilized {Mn(CO) 2 } + fragment, which is typically only stabilized by phosphines and other strong σ-donating, π-accepting ligands. The {Mn(CO) 2 } + fragment formed spontaneously under metalation conditions, although photolysis or exchange of coordinating solvent (MeCN, THF) can readily afford the {Mn(CO) 2 } + unit in some cases. 
S
During the course of this work, Mascharak and co-workers reported the preparation of several manganese(I) carbonyls derived from Schiff base ligands, and their utility as photo-releasing CO reagent molecules (photoCORMs). 23 Related photoactive manganese(I) tricarbonyls were also derived from diazopyridine, diimine N2, and N3 ligands. [23] [24] [25] Most relevant to this work are complexes derived from similar Schiff base ligands with a pendant thioether-S. In the two cases of [(L NNS )Mn(CO) 3 ] + (L = pmtpm and qmtpm; NNS and Q NNS in our nomenclature), the thioether remained unbound. 23 Indeed, to date there is just a single example of a mixed N/S(thioether) ligand fully bound in a mononuclear complex, namely the complex [(py(CH 2 )SPh)Mn(CO) 3 Br]. 26 Also, irrespective of ligand choice (N2S, N2, or N3) in all of these cases, only the tricarbonyl 'piano stool' congeners were isolated. In this work, we attempted to circumvent difficulties associated with iron carbonyl chemistry, and utilize the more reliably mononuclear manganese congeners to explore the fundamental coordination chemistry of NNS type Schiff base ligands with metal carbonyls. As dimers readily form across thiolato-S bridges, we have also chosen a thioether moeity to allow for a sulfur donor, but to retain mononuclear motifs. As discussed above, the thioether-S displays a low binding affinity for Mn(I), often remaining unbound even when present in a tight-binding chelate (e.g. when an ideal 5-member chelate ring possible). Our work is focused on ligand optimization (steric and electronic tuning) to ensure complete ligation of the chelate to the metal center, as well as structural and spectroscopic characterization of the resulting complexes. Herein, we show that careful selection of the ligand substituents (see substituted NNS framework above) leads to not only the fully bound NNS coordination motif, but also to a new example of a thioetherstabilized {Mn(CO) 2 } + motif in the obligatory cis arrangement.
unreacted (~30%) aldehyde that was not separated by fractional crystallization or chromatography. The mixture was used in subsequent metalations. Kappa CCD diffractometer using a Bruker AXS Apex II detector, both using a graphite monochromator with MoKα radiation. Reduced temperatures were maintained using an Oxford
Cryostream low temperature device. Data reduction were performed using the Rigaku Americas
Corporation's Crystal Clear version 1.40.2. Structures were solved by direct methods using SIR973 and refined by full-matrix least-squares on F 2 with anisotropic displacement parameters for the non-H atoms using SHELXL-97.4. Structure analysis was aided by use of the programs PLATON985 and WinGX.6. The hydrogen atoms on carbon were calculated in ideal positions with isotropic displacement parameters set to 1.2×U eq of the attached atom (1.5×U eq for methyl hydrogen atoms). For 5 CO-b , a large peak persisted in the difference electron density map 2.4 Å from Mn. Additional but much smaller peaks were observed near Br1. These peaks were interpreted to be from a five coordinate Mn complex with one Br atom and one carbonyl group present in small quantities within the crystal. As such, the structure was modeled as a disordered species where the lone carbonyl group resides near the Br atom of the six coordinate species. The
Br atom of the five coordinate species resides between the two carbonyl groups of the six coordinate complex. The relative occupancies of the two species were estimated by assigning the variable x to the site occupancy for Br1 and (1-x) to the site occupancy for Br1a. A common isotropic displacement parameter was refined for the two Br atoms while refining the variable x.
In this way, the site occupancy for Br1 refined to 96(1)%. The ratio of the six coordinate species in the crystal to the five coordinate species is 24:1.
After an initial refinement, the coordinates for O1a and C2a were fixed along with their displacement parameters in the final refinement model.
Results and Discussion
Syntheses. Mascharak and co-workers during preparation of this manuscript using the same NNS ligand, as well as its quinoline congener. 23 This trend of the unbound thioether-S is largely independent of the R-group at the ortho position of the pyridine moiety (H, 23 For the purpose of comparison to the other complexes, we briefly describe the metrics of the reported complex here. Similar to 2 CO (Fig. 1) , The Mn−Br distance of 2.5338(5) Å is predictably long due to repulsion between the low-valent Mn(I) and bromide ion, and in a similar range to other Mn(I) carbonyl bromides.
[( OMe NNS)Mn(CO) 3 (Br)] (2 CO ). The X-ray structure of the methoxy-appended complex 2 CO is also shown in Fig. 1 . Overall, the complex exhibits similarity to 1 CO in that the coordination geometry is pseudo-octahedral and the thioether moiety remains unbound; the three carbonyl ligands are also arranged in the same facially coordinating fashion. The Mn−N py bond distance of 2.0844(15) Å is slightly longer than that found in 1 CO (Mn−N py = 2.054(2) Å), likely due to the steric repulsion due to the ortho methoxy group. The repulsion effect is not apparent in the Table 2 . 
[(N Me NS)Mn(CO) 2 (Br)] (4 CO ). The tridentate NNS ligand bearing a methyl substituent at the
Schiff base linkage in 4 CO is fully ligated in NNS fashion to the manganese center (Fig. 3) . As a result, the Mn−N py and Mn−N SB bonds in 4 CO are much shorter (1.982(2) and 2.029(2) Å, respectively) than those in 1 CO , presumably due to the chelation effect of all three bound donor atoms. The Mn−S bond distance of 2.301(8) Å is similar to that found in the only other mixed N/S(thioether) manganese carbonyl [2.3449(6), 2.3467(7) Å]. 26 The Mn−S bond length in 4 CO is also much shorter than in the Mn(II) dibromide species described herein [2 Br , 2.6839 (13) corresponding to the S-CH 3 and o-CH 3 (py) units. These peaks are not readily assigned in the spectrum of the free ligand (2.63, 2.47 ppm; 3H, singlets) due to their proximity. As the pyridine unit is bound to the Mn center in all structurally characterized complexes, we ascribe the downfield-shifted resonance at 3.13 ppm to the Mn-bound ortho CH 3 (py) unit. We do not ascribe this resonance to the S-CH 3 unit (instead ascribed to the feature at 2.53 ppm), as only a Mn-
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bound thioether unit would exhibit a feature near ~ 3 ppm (vide infra). The X-ray structure of 3 CO (Fig. 2 ) also strongly argues against thioether-S binding in solution (crystallized from CH 2 Cl 2 , NMR studies performed in CD 2 Cl 2 ). In contrast, we do present evidence of thioether-S binding in the case of 4 CO (vide infra), which does exhibit a Mn-bound thioether unit in the Xray structure. Overall, integration of the spectrum of 4 CO at −20 °C (optimum resolution) reveals that the two distinct sets of peaks are present in a roughly 1.3:1 ratio; the ratio is temperature independent in the accessible range (RT → −40 °C). In the alkyl region, the furthest downfield methyl resonance at 3.01 ppm is significantly different than the furthest downfield resonance in the free ligand (2.43 ppm). Based on the X-ray structure of 4 CO that exhibits a Mn-bound thioether-S, we assign the peak at 3.01 ppm as the Mn-bound S−CH 3 unit. By integration, the corresponding Schiff base (N=C)CH 3 unit is observed at 2.47 ppm. The furthest upfield peak in the spectrum of 4 CO (2.39 ppm) is quite similar to the Schiff base methyl peak in the free ligand (2.34 ppm), and we assign it as the (N=C)CH 3 unit in a second species. As the one remaining alkyl resonance at 2.54 ppm is quite similar to that of the unbound thioether in the free ligand (2.43), we assign it as belonging to this second species in solution in which the thioether-S is unbound. Based on integration values, we assign the peak at 8.98 to the S-bound (S trans to py) species and the 9.29 feature to the S-unbound species (CO trans to py). Due to lack of observable multiplicities, the assignment of the remaining aromatic peaks remains ambiguous. We hypothesized that the second species in solution (i.e. "S-unbound", not crystallographically characterized) was the five-coordinate species as shown above in Scheme 3. To our knowledge, there are three authentic precedents (i.e. no redox active ligand) regarding the isolation and X-ray structural characterization of five-coordinate Mn(I) carbonyls; all are deep blue, diamagnetic species supported by P4 phosphine donor sets (2 × dppe, depe, etc.) in rigid square pyramidal orientation. [34] [35] [36] The 1 H NMR experiments described above (~10-100 mM concentrations)
indicated that the relative proportions of the two populations were not affected by temperature 
Electronic Absorption Spectra
In making routine UV/vis measurements, we noticed the blue or violet colors observed in dilute solutions of several of the complexes − namely 2 CO , 4 CO 
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